A six month field scale study was carried out to compare windrow turning and biopile 2 techniques for the remediation of soil contaminated with bunker C fuel oil. End-point 3 clean-up targets were defined by human risk assessment and ecotoxicological hazard 4 assessment approaches. Replicate windrows and biopiles were amended with either 5
Introduction 1
On site ex situ techniques such as windrow turning and biopiling rely on the management 2 of the biodegradative potential of microorganisms to render hydrocarbons less toxic 3 through mineralisation, biotransformation and assimilation (Barr, 2002) . A benefit of 4 bioremediation is the broad scope of petroleum fuel compounds amenable to the process, 5 including branched and unbranched chain aliphatic and aromatic compounds (Chatterjee 6 et al., 2008). Using windrow turning, a site contaminated with high concentrations of 7 diesel range organics (DRO, C 6 -C 24 ) was remediated from an initial TPH concentration of 8 10,000 mg kg -1 to less than 1,000 mg kg -1 within six months (Barr, 2002) . 9
10
In this study the petroleum hydrocarbon was No. 6 fuel oil (referred to as bunker C fuel 11 oil) a grade of residual fuel for marine engines. Bunker C has been reported to be the 12 least susceptible to biodegradation in a study carried out by Walker et al., (1976) where 13 the biodegradation of two crude and two fuel oils were compared. However in a large-14 scale study, Comeau et al. (1991) reported the successful biological treatment of 21,475 15 m 3 of bunker fuel contaminated soil within 12 to 14 weeks under active management. 16
Initial TPH concentrations of 6,000 mg kg -1 decreased to less than 1,000 mg kg -1 during 17 that study. This observation is in contrast with Song et al., (1990) who reported that 18 added to the sample and sonicated for 30 minutes (applied energy on soil 1 suspension=1200 J ml −1 ). Samples were then placed on an end-over-end shaker for 16 2 hours at 60 rpm then centrifuged at 1750 x g at 4 º C for 20 min. After phase separation 3 with water to remove the polar fraction, a 10 ml aliquot of DCM/acetone extract was 4 collected and added to 40 ml glass Wheaton vials and the sample concentrated under N 2 5 gas. The sample was then suspended in 4.9 ml of hexane and sonicated for 2 minutes. 6
After the addition of copper turning (0.5 g), a squalane standard was added as an internal 7 standard. Analysis was performed by GC-FID as described by Dawson et al. (2007) . 8 9
Basal respiration 10
Basal respiration was determined as described by Paton et al. (2006) . Briefly, 2 g of 11 homogenised soil were weighed into gas vacuettes and allowed to stand for 6 hours in an 12 incubator at 25 º C. A sample of headspace from the vial was injected into the GC 13 injection loop (250 μl) system with a nitrogen carrier gas (20 ml min 
Determination of culturable heterotrophs and hydrocarbon-degraders 20
Homogenised soil (2 g) was weighed into a glass Universal bottle and 20 ml of ¼ 21 strength Ringer's solution was added. Samples were then vortexed for 30 seconds and 22 sonicated for 1 minute and allowed to stand for a further 2 minutes. A 100 l aliquot of 23 soil suspension was removed and serially diluted in ¼ strength Ringer's solution to the 1 appropriate dilution factor (10 -5 or 10 -4 dilution factor). 
Fractionated hydrocarbon (H-C) analysis 2
The extraction procedure and GC-FID analysis settings for fractionated hydrocarbon 3 fractions have been previously described by Risdon et al. (2008) . Briefly, 5 g of soil was 4 dried with 5g of anhydrous sodium sulphate (Na 2 SO 4 ) and spiked with 1 mL of a solution 5
containing o-terphenyl (oTP), squalane (Sq), heptamethylnonane (HMN) and 2-6 fluororbiphenyl (2-Fb) at a concentration of 200 µg ml -1 each in acetone. Soil samples 7
were extracted with 4 ml of acetone and sonicated for 2 minutes at 20˚C. Hexane and 8 acetone were added to the samples to achieve a 1:1 ratio. The samples were sonicated for 9 a further 10 minutes followed by manual shaking (twice) then followed by centrifugation 10 for 5 minutes at 1000 x g. After passing the supernatant through a filter column, a 11 sequential step series (including resuspension of samples in 10 ml of acetone: hexane 12
(1:1), sonication for 15 minutes at 20 ˚C, centrifugation for 5 minutes at 1000 x g and 13 then decanted into a filter column, this was performed and repeated twice). The final 14 extract volume was adjusted to 40 ml with a mixture of acetone: hexane (1:1) before 15 analysis. A silica gel column was used to separate the aliphatic and aromatic fractions. 16
Approximately 80 ml of RO water and a spatula of sodium chloride (baked at 400˚C for 4 17 hours) were added to the extracts partitioning out any acetone into the water and ensuring 18 the removal of the non-polar content. The split of the aliphatic/aromatic fractions was 19 achieved by eluting with 3 ml of hexane followed by 3 ml of DCM, respectively. 20 21 H-C content was quantified using a gas chromatograph fitted with a flame ionization 22 detector (GC-FID Agilent 7890). Quantification of H-C and sub-ranges of hydrocarbons 23 (Table 1) was made by integrating peak areas using Agilent Chemstation Software 1 Revision B.01.01 (164) SR1 (2001) (2002) (2003) (2004) (2005) , and by comparison against refined mineral oil 2 standards. External multilevel calibrations were carried out for both diesel/mineral oil 3 fractions and surrogates, quantification ranging from 0.5 to 2500 µg ml -1 and from 1 to 5 4 µg ml -1 , respectively. 5 6
Bioluminescence microbial biosensor assay 7
A methanol extract was used to extract bioavailable H-C for use in the bacterial 8 biosensor assays; 2 g of soil (dry weight) was extracted with 4 ml methanol (Bundy et al., sequentially aliquotted (0.1 ml cell suspension) into 0.9 ml of test sample. All procedures 20 were carried out in 1.5 ml covered glass cuvettes and time exposure for the constitutive 21 promoted sensors and inducible sensor was 30 and 120 minutes, respectively. A reference 22 control for Escherichia coli HMS174 was prepared by adding 2.8 l of isopropylbenzene 23 IPB) to 100 ml deionised water containing 0.4 ml methanol. All bioassays were carried 1 out in triplicate, with a total volume of 1 ml and light output was measured using a Jade 2 (Bio orbit 1251) portable luminometer. Results were expressed as a percentage of this 3 postitve reagent control. 4 5
Seed germination assay 6
For this assay, 10 mustard seeds (Brassica alba) were added separately in 5 replicates to 7 120 ml wide mouth glass jars containing 20 g of soil re-wetted to 75% WHC. Lids were 8 loosely screwed on to reduce evaporation but allow aeration and the seeds were left to 9 germinate at 25 º C, 80 % humidity and no light for 4 days. The number of seeds 10 germinated was recorded after 4 days. A non-contaminated control soil (Boyndie), 11 maintained at 44% (v/w), was used as the baseline to obtain a 100 % recovery in the 12 assays. 13 14
Earthworm assays 15
Lumbricus terrestris were obtained from worms direct. Five replicate earthworms were 16 exposed to 50 g of soil sample in 120 ml wide mouth glass bottles for 14 days ( 
Data analysis 11
Data analysis was performed using the five independent replicates for each biopile or 12 windrow at the stated timepoints described. Analysis of the treatments however were only 13 assessed by considering the duplicate treatment data which represents the replication at 14 the field scale. (data not shown) and this is amenable to an active hydrocarbon degrading microbial 7 population (Atlas, 1981). The bulk density of the biopile treatments remained constant 8 throughout the duration of the study (0.93 g cm -3 ) but was significant reduced for the 9 windrow treatments (0.78 g cm -3 ) (further data not shown). 10 11
Total hydrocarbon determination 12
After 30 weeks, the total extractable petroleum hydrocarbon content in windrow 13 treatments, including windrow, windrow with nutrients and windrow with nutrients and 14 inocula, were reduced to 4%, 3% and 2%, respectively of their initial value ( Figure 1 
Basal Respiration 1
Respiration values collected throughout the experiment for the windrow and biopile 2 remediation study are shown in Figure 3 and Figure 4 , respectively. Relative to the other 3 treatments, the control had a significantly lower respiration value throughout the 4 experiment. However, both the nutrient alone and nutrient and inocula treatments with 5 both windrow and biopile management resulted in a significant increase (p < 0.05) in 6 respiration. The highest CO 2 production was reached during the first the first 5 and 12 7 days in windrow and biopile treatments, respectively. Throughout the study the windrow 8 treatments had significantly higher respiration values (up to 0.8 mg CO 2 g -1 soil) than the 9 biopile ones (up to 0.4 mg CO 2 g -1 soil). 10 11
Total culturable heterotroph and degrader numbers 12
The number of culturable heterotrophs in both windrows and biopile treatments generally 13 decreased by one order of magnitude with time (Table 1) . In contrast, the number of 14 hydrocarbon degraders increased at least by one order of magnitude regardless the type of 15 treatments (Table 2) . 16 17
Fractionated hydrocarbons analysis 18
Fractionation of the oil residues showed that the most prominent aliphatic and aromatic 19 fractions were C 12 -C 35 and C 16 -C 35, respectively (Tables 3) . Overall, windrow 20 treatments out competed biopile treatments. Degradation of the aliphatic and aromatic 21 fractions in windrows was 6 and 4 times higher respectively than the biopile ones after 6 22 week of treatment. Nutrient addition and bioaugmentation of the biostimulated windrows 23 led to a 2 fold higher degradation rate of the aliphatic fraction whereas the aromatic one 1 was barely enhanced by the treatments (Table 3 ). Higher degradation rates were 2 registered for the aliphatic fraction followed by the aromatics. The mass fraction of 3 aromatics relative to aliphatic hydrocarbons increased by more than 20% in windrows 4 whereas in biopile the mass fraction remained nearly the same. 5 6
Bioluminescence microbial biosensor assay 7
Response of the constitutive biosensor Escherichia coli HB101 pUCD607 in both 8 windrow and biopile treatments increased by more than 40% and 55%, respectively 9 during the experiment (Table 4a ). This trend was also observed for Pseudomonas putida 10 
Seed germination assays 21
The control sample germination rate at the start of the experiment increased to double 22 that rate at the end of the experimental time (Table 5) . Windrow control and windrow 23 with nutrients had a similar increased germination rate as the control, while windrow with 1 nutrients and inocula had about triple the increase in germination rate of the control. For 2 the biopile treatments, a lower increase in seed germination rate was observed for both 3 biopile and biopile with nutrients. Biopile with nutrients and inocula had tripled in 4 germination rate at the end of the experiment. 5 6
Earthworm assays 7
At the end of the experiment, there was significantly greater survival than at the start of 8 the treatment or the mid point (Table 6 ). The windrow treatments resulted in a lower 9 survival counts compared with the control with the windrow with nutrients and inocula 10 having the lowest results. For the biopile treatments, the survival rate was different from 11 the windrow treatments compared with the control. Biopile and biopile with nutrients had 12 a significant increase in survival counts. The biopile with nutrients and inocula also had a 13 small increase in survival at the end of the experiment. 14 15
Risk assessment derived remedial targets 16
By the end of the experiment, the results obtained from the fractionated analysis in the 17 soil (Table 3) were compared to that in the RISC 4 criteria and a pass / fail mark was 18 given to each fraction and treatment. An overall risk assessment (RA) mark was awarded 19 to indicate if the site had passed the criteria at that time point (Table 7) . 20
Song et al. (1990) in a study of the biodegradation of bunker oil reported that it took 48 1 weeks of incubation to degrade fifty percent of TPH even under optimal nutrient 2 conditions. It was reported that most of the bunker oil components were structurally 3 resistant to biodegradation and they concluded that "bioremediation has only very limited 4 beneficial effects on bunker oil elimination from soil". 5
In this study, the amendment of treatments with nutrients increased significantly the 6 hydrocarbon degradation at the initial stages of the experiment. This was further 7 increased at the initial stages by the addition of the inocula. It may be inferred, as many 8 papers report, that the microbial population in the control soils was nutrient limited but intermediates caused an increase in toxicity and this was also evident in this study. reported that bioremediated soils were neither toxic to earthworms, inhibitory in the 5
Microtox assay, nor deleterious to seed germination after months of treatment. 6 7 Although the response of the biosensor correlated both with that of the earthworms and 8 seed germination there was little linkage to the human risk assessment criteria. One of the 9 key problems is determining the point at which recovery has been met or where hazard is 10 deemed acceptable and then relating this to risk derived criteria. While LD 50 and EC 50 11 values are often used, these may be insensitive to predicting ecological protection. There is no doubt that a measure of the TPH could be misleading as it is the component 21 fractions of the hydrocarbon that will pose a hazard or potential risk to defined receptors. 22
In the case of this study, despite exhaustive regression analysis no single fraction could 23 be deemed as the causal agent for the measured ecotoxicological response (TPHCWG. 1 1998). In part this could be because the adopted banding may not reflect the relative 2 sensitivity of the receptors under investigation (TPHCWG. 1998). These fractions are not 3 individual compounds and there is very limited dose response characterisation of these 4 receptors used to the fractions measured. Furthermore, these fractions do not occur in 5 isolation and it is difficult to factor out the relative impact of these grouped compounds. 6
The discipline as a whole will benefit from consideration of fractions and their dose 7 dependency responses to relevant soil ecotoxicity assays. It should also be remembered 8 that polar metabolites that may be more bioassimilable and potentially more toxic than 9 the non polar hydrocarbons particular are likely to remain undetected in this study 10 (TPHCWG. 1998). 11
12
Hydrocarbon fractions are however, widely used in human risk assessment. Placed in the 13 context of human risk assessment, fractionation quantification reveals an interesting 14 pattern relative to treatment adopted. At the end-point for GAC only WN passes while for 15 SSAC values W, WN and WNI all pass the criteria (Table 7 ). This means perhaps that 16 depending on the selection of an ecotoxicity acceptable dose factor, the risk to a toddler 17 from ingesting soil is greater than the hazard derived from earthworm, seed germination 18 and biosensor applications to the soil itself. Each receptor has a different response to the 19 substance of interest. 20
21
In the future, comparative evaluations of defined receptors will become more important, 22 because although the risk assessment models exist to protect humans and water courses 23 under a range of different conditions, this is not the case with ecological receptors. There 1 is currently a need to carry out empirical assays to quantify the response and then 2 consider using these data to derive ecologically protective doses. 3 4 Hazard and risk approaches are key in defining the status of soil in the context of being 5 "fit for purpose". Such approaches are of more meaning than a total hydrocarbon 6 measurement and may also place the relative potency of fractions in a suitable context. 7 8
Conclusion 9
Active management enhanced the biodegradation of bunker fuel oil in soil in a controlled 10 field-scale trial. The addition of nutrient and inocula accelerated the degradation rate for 11 the period of the study. Microbial measurements used in conjunction with chemical 12 analysis increased our understanding of field-based bioremediation. For this heavily 13 textured soil, windrow turning was more effective than biopiling because the resultant 14 soil was more friable. For coarser textured soils, biopiling may perform better. The likely 15 decision as to which technique to adopt would be determined by remediation managers. 16
The end-point of remediation needs to be defined relative to the receptor that requires 17 protection. In this study, soil that showed a significant ecological recovery was still 18 impaired with respect to human risk criteria and visa versa. There is a need to carry out 19 more comparative studies to better assess the relationship and relative sensitivity ofreceptor-based end-points. 
